ALT marker, i.e. ALT-associated promyelocytic leukemia bodies (APBs), was conducted. Evidence for ALT was observed in the telomerase-negative immortalized cell lines. Additionally, the APB marker was also found in the other cell systems. The attributes of the chicken provide an additional vertebrate model for investigation of the ALT pathway. Copyright © 2011 S. Karger AG, Basel The telomeres of the chicken genome are maintained by telomerase similar to other vertebrates Swanberg and Delany, 2006; Swanberg et al., 2010] . Telomere maintenance, i.e. length and structure, is critical for control of genome stability and serves as a predominant genetic mechanism controlling lifespan of cell lineages. In both human and chicken, telomerase activity is downregulated when somatic cells differentiate and as a result telomeres shorten with each cell cycle, eventually resulting in cellular senescence. Additionally, telomerase is reactivated in most immortalized and transformed cells and thus the telomeres are maintained. However, there exist a number of human immortalized cell lines and cancers wherein telomerase activity is lacking; these cells utilize an alternative mechanism to telomerase to maintain their telomeres which is termed alternative lengthening of telomeres (ALT). This alternative telo-
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mere lengthening mechanism has been reported for 10-15% of human tumors and 30-40% of immortalized cell lines [Bryan and Reddel, 1997; Cerone et al., 2005] . In addition, an alternative telomere maintenance mechanism was identified in yeast [Lundblad and Blackburn, 1993] and telomerase RNA null (Terc -/-) mouse cells [Niida et al., 2000; Chang et al., 2003 ], but has not been reported in other vertebrates.
A combination of markers provides evidence that the ALT pathway is operating to maintain telomeres . The markers of ALT include the absence of telomerase activity in immortalized (or transformed) cells (i.e. cell types with unlimited proliferation potential), a heterogeneous terminal telomeric DNA profile (i.e. an enhanced variable size range of telomere array lengths), and presence of nuclei which exhibit ALT-associated promyelocytic leukemia (PML) bodies known as APBs. In particular, the APBs are considered a definitive marker for ALT [Yeager et al., 1999] . These nuclear bodies contain the PML protein with telomere-associated proteins (TRF1, TRF2) plus DNA repair and recombination proteins (RAD51, RAD52, MRE11, RAD50, NBS1). The current model suggests that the ALT mechanism utilizes telomere homologous recombination to maintain and even lengthen the telomeres [reviewed in Cesare and Reddel, 2008] . However, a single definitive assay for the ALT pathway does not exist and as mentioned, detection is dependent on markers shown experimentally to be associated with the pathway [Cesare and Reddel, 2010] .
A characteristic feature of the chicken genome is that it possesses a highly heterogeneous telomeric DNA profile [Delany et al., 2000; Rodrigue et al., 2005 ; O'Hare and and at least in meiotic cells, evidence exists for high rates of telomeric DNA recombination as shown by the generation of novel telomere arrays in progeny not seen in parental genomes [Rodrigue et al., 2005] . Interestingly, the immortalized chicken cell line DF-1 maintains an unusually large amount of heterogeneously sized telomeric DNA and greater than 3-fold more total telomeric sequence content than normal chicken cells [O'Hare and Delany, 2009] . Further, it was reported by Christman et al. [2005] that telomerase activity was not detectable in the DF-1 cell line. Based on these combined results it seems plausible that the chicken which shares many telomere biology features with human [Swanberg and Delany, 2006; Swanberg et al., 2010] may also possess the capacity to employ ALT as a mechanism to maintain telomeres.
This research investigates the hypothesis that chicken, similar to human, possesses an alternative mechanism for maintaining telomeres, specifically ALT. Four cell lines with differing proliferation phenotypes were studied including 2 immortalized chicken embryo fibroblast cell lines (DF-1 and OU2), a normal (mortal) chicken embryo fibroblast cell line, and a transformed cell line (DT40). Telomerase activity, expression of genes associated with the telomerase and ALT pathways including telomere-associated, DNA repair and recombination genes, and the presence of an ALT marker (APBs) were investigated. Evidence for ALT was found in the immortalized lines as these were negative for telomerase activity, had normal or larger amounts of telomeric DNA with a heterogeneous profile, and exhibited APBs. Interestingly, albeit to a lesser extent, APBs were also observed in the telomerase-negative mortal cells as well as the telomerase-positive transformed cells. Overall, these results suggest the interesting possibility that the 2 telomerelengthening pathways, i.e. telomerase and recombination-based ALT, coexist as redundant pathways with differential utilization depending on the cell system.
Materials and Methods

Cells
Chicken embryo fibroblast (CEF) cell lines, DF-1 (spontaneously immortalized; Himly et al. [1998] ; ATCC CRL-12203), OU2 (chemically immortalized; Ogura and Fujiwara [1987] ; ATCC CRL-12302), and CEF001 (a normal mortal primary cell line derived from a pool of 3 embryos from the UCD 001 red jungle fowl inbred line) were cultured in Dulbecco's Modified Eagle Medium (DMEM; Invitrogen 11995-065), 10% fetal bovine serum (FBS, Invitrogen 10437-010), and 2% penicillin/streptomycin (Invitrogen 15140-122), at 38 ° C and 5% CO 2 . DT40 cells (transformed Bcell bursal lymphoma; Baba et al. [1985] ) were cultured in RPMI 1640 with glutamine (Invitrogen 11875-093), 10% FBS (Invitrogen 10437-010), 2% penicillin/streptomycin (Invitrogen 15140-122), 2% chicken serum (Invitrogen 16110-082), and 91.7 M 2-mercaptoethanol, at 41 ° C and 5% CO 2 .
Telomerase Activity -Telomeric Repeat Amplification Protocol Telomerase activity was determined using the TRAPeze Telomerase Detection Kit (Millipore S7700). Positive controls for activity were DT40 and gastrula embryos (pool of 3 chicken embryos incubated for 24 h, from the commercial stock Hy-Line CD20). Negative controls (lack of activity) were created by heattreating (95 ° C for 30 min) an aliquot of the positive control samples. CEF001 and CHAPS lysis buffer only were also used as negative controls. For each sample, 1 g of protein was used for the TRAPeze PCR. The PCR amplicons were separated by size on a 10% PAGE (20 ml 30% acrylamide, 40 ml 0.5 ! TBE, 125 l 10% APS, 75 l TEMED) at 40 W for 60 min. The resulting gel was stained with SYBR Safe (Invitrogen) and then imaged using a Fujifilm imager (FLA-5100).
Gene Expression -RNA Isolation, cDNA Synthesis, Quantitative PCR RNA was extracted from the cells for gene expression analysis using the RNeasy Mini Kit (Qiagen) including DNase treatment. The concentration of each RNA sample was determined using a Nanodrop 1000 Spectrophotometer (Thermo Scientific). The RNA was stored at -80 ° C until cDNA synthesis. Two micrograms of RNA were used in 40-l cDNA reactions using iScript TM cDNA synthesis (Bio-Rad). The resulting cDNA was diluted with 60 l of DEPC-treated water. The cDNA was stored at -20 ° C until Quantitative (q)PCR.
Eighteen genes were studied for their expression by qPCR using SsoFast TM EvaGreen Supermix (Bio-Rad) and gene-specific primers (Eurofins MWG Operon); gene and primer details are provided in table 1 . The qPCR protocol was as follows: 95 ° C for 30 s, 40 cycles of 95 ° C for 5 s, 57 ° C for 10 s, plate read, followed by a melt curve of 55-95 ° C with 10 s hold and plate read every 0.5 ° C. The reaction tube included 5 l of the diluted cDNA in a total reaction volume of 20 l with 10 l of supermix, 500 n M forward primer, 500 n M reverse primer, and 3 l of water. The PCRs were conducted using a Chromo4 TM (Bio-Rad) and Opticon Monitor TM 3.1 with a cycle range of 3-12 and a threshold of 1.100. LinRegPCR version 11.5 [Ruijter et al., 2009 ] was used to determine amplification efficiencies. The overall average efficiency was 1.85. The comparative Ct method was used to analyze the samples [O'Hare and Delany, 2005] . All cell culture samples (DF-1, OU2, CEF001, DT40) were assessed using 2 different culture samples and each sample consisted of a pool of 3 T75 flasks. For the gastrula embryos, there were 2 samples which consisted of a pool of 3 embryos each. Every sample was run in triplicate. For each gene-primer set, qPCR amplicons were purified using QIAquick PCR purification kit (Qiagen) and sequence verified (Davis Sequencing, Davis, Calif., USA). Statistical evaluation of the results was conducted for the normalized Ct values using Minitab 15 for ANOVA and Tukey's pairwise comparisons ( ␣ = 0.05).
OU2 Cytogenetic Profile -Fluorescence in situ Hybridization
Mitotic chromosome harvest, slide preparation, and fluorescence in situ hybridization (FISH) procedures were followed as described in O'Hare and Delany [2009] . Telomeric PNA probe hybridization was performed to establish the cytogenetic telomeric profile of OU2 cells, as had been previously studied for the other cell types [O'Hare and Delany, 2009] . DF-1 and CEF001 samples were utilized as a point of comparison. To assess the OU2 karyotype status, 3 chromosome-specific probes were used and indirectly labeled with anti-digoxigenin-rhodamine (Roche Applied Science), including 5S rDNA (GGA9), ETS rDNA (GGA16), and TAM32-55E18 BAC (GGAW).
Telomeric Sizes -Southern Blot
Telomeric lengths were analyzed according to O'Hare and Delany [2009] by the terminal restriction fragment (TRF) method. Briefly, restriction-digested DNA samples (150 ng) of DF-1, OU2, CEF001, and DT40 were separated by size on an agarose gel (0.7% agarose, 1 ! TAE, 55 V for 4 h), transferred to a membrane, and hybridized with a telomeric probe. Telomeric Sequence Content -Slot Blot DNA was isolated from DF-1, OU2, CEF001, CEF003 (CEFs created from a pool of 5 UCD 003 embryos), and DT40 cells using DNeasy Blood and Tissue Kit (Qiagen). The slot blot procedures were conducted as described in O'Hare and Delany [2009] . Three different slot blot experiments were conducted and the results averaged for each cell system. The telomeric sequence content was determined as a percentage of total genomic DNA.
Chicken PML Genes -Bioinformatics
In order to study a marker of ALT in chicken, nuclear APBs which contain the PML protein, the available knowledge regarding PML was assessed, i.e. gene sequence, RNA and protein sequence. The chicken genome sequence (build 2.1) indicates the presence of 2 PML genes (NCBI Gene IDs 415304 and 415302) whereas other vertebrate genomes contain 1 PML gene as found in the NCBI database. Each of the 2 chicken PML genes has associated ESTs according to NCBI UniGene (http://www.ncbi.nlm. nih.gov/UniGene). The sizes of the predicted proteins of the 2 chicken genes differ. One PML gene (415304) predicts a protein (XP_413692.2) of 1,021 amino acids (aa) and herein is referred to as PML-L (L for long), while the other gene (415302) predicts a protein (XP_413690.2) of 530 aa and is referred to as PML-S (S for short). This descriptive nomenclature provides easy differentiation of the 2 PML proteins for the purpose of this study whereas in the NCBI database both of these genes are designated as PML (http://www.ncbi.nlm.nih.gov/gene/415304, http://www.ncbi. nlm.nih.gov/gene/415302). The 2 predicted chicken PML proteins are 77% identical to each other. The chicken PML similarity with other species including Homo sapiens , Mus musculus , Bos taurus , Rattus norvegicus , and Pan troglodytes ranges from 36-41% (considering both chicken PML proteins). Since other vertebrates have only 1 gene it was unexpected to find 2 in chicken. Both chicken PML genes were studied in these experiments.
PML and TRF2 Antibodies
Primary antibodies were custom-made for 2 chicken PML proteins, PML-L and PML-S. Polyclonal antibodies were raised in guinea pigs against the chicken PML-L peptide C-SHALVHDEL-LEAMKTKQD and the chicken PML-S peptide GRIPPSKASRSR-TRDAE (Open Biosystems, Thermo Fisher Scientific). The 2 peptides were used as immunogens (separately) in 2 animals each; the resulting anti-sera (from both animals for each peptide) were pooled and affinity purified (Open Biosystems). The primary antibody used to detect chicken TRF2 was created using a chicken TRF2 peptide as an immunogen in rabbit [Cooley et al., 2009] .
PML and TRF2 Cellular Immunofluorescence
Cells (DF-1, OU2, CEF001, DT40) were grown on chamber slides (Nunc Lab-Tek II CC2). These slides contained CC2 (mimics polylysine) which allowed the suspension cells (DT40) to adhere to the slides. The slides were fixed with HistoChoice MB (Amresco) for 15 min, washed in 1 ! PBS/0.02% Tween-20 for 4 min, and placed in 70% EtOH. The slides were stored in 70% EtOH at -20 ° C until used. Briefly, slides were treated following immunofluorescence (IF) [Peddada et al., 2006; Swanberg et al., 2009] procedures as follows: incubated with primary antibody at a 1: 100 dilution with IF stain buffer (1% FBS, 1% sodium azide, 0.5% Tween-20, in 1 ! PBS) at 37 ° C for 2 h; washed shaking 3 times in 1 ! PBS/0.5% Tween-20 for 5 min each at room temperature, followed by secondary antibody at a 1: 100 or 1: 200 dilution with IF stain buffer including 1 g/ l RNase A at 37 ° C for 2 h followed by 3 washes with 1 ! PBS/0.5% Tween-20 for 5 min each. Finally, DAPI was applied and the slides were coverslipped, then stored at 4 ° C until image capture within 1-24 h. Secondary antibodies were goat anti-guinea pig IgG FITC (Millipore, AP108F) at a 1: 100 dilution (for the PML-detecting primary antibodies) and donkey anti-rabbit IgG Texas Red (Jackson ImmunoResearch, 711-075-152) at a 1: 200 dilution (for the TRF2-detecting primary). Slides were also incubated with secondary antibody only and normal IgG (rabbit or guinea pig) to test for background and nonspecific binding, respectively.
PML Antibody Analysis -Western Blot
Protein was extracted from cell pellets using CHAPS lysis buffer (Millipore). The protein samples were mixed 1: 1 with Laemmli sample buffer (with 5% ␤ -mercaptoethanol) and heated at 95 ° C for 5 min. The proteins were separated using Mini-PROTEAN TGX TM Precast 4-15% gels (Bio-Rad) at 200 V for 30 min. Proteins were transferred using a Mini-Trans Blot (Bio-Rad) at 90 V for 1 h to polyvinylidene fluoride membranes (Bio-Rad). The membrane was placed in blocking buffer (5% nonfat dry milk in 1 ! Tris-buffered saline, TBS) overnight at 4 ° C. The immunoblotting protocol was performed following the Immun-Star TM HRP Chemiluminescent Kit Instruction Manual (Bio-Rad) with 1: 300 dilution of the PML-L or PML-S primary antibodies in TTBS (1 ! TBS with 0.05% Tween 20) and a 1: 15,000 dilution of goat anti-guinea pig IgG HRP (Millipore, AP108P) secondary antibody in 1 ! TTBS. The chemiluminescence signal was detected using Kodak X-Omat Blue XB-1 Film. The membrane was stained with Ponceau S solution (Sigma) to confirm that protein was present in all sample lanes. As a control, a blot was incubated with secondary antibody alone.
Precision Plus Protein TM WesternC Standards (Bio-Rad), which utilize Strep-Tactin -HRP for chemiluminescent visualization, was used during western blotting. However, it was determined that Strep-Tactin (a modified form of streptavidin) was reacting to the chicken protein extract producing many nonspecific bands in all sample lanes for all cell lines. In order to eliminate the bands resulting from the Strep-Tactin, the standard lane was separated from the sample lanes for detection steps and then reassembled for exposure to film.
Results
Four chicken cell lines, including mortal (CEF001), immortalized (DF-1 and OU2), and transformed (DT40) cell lines, were studied to investigate evidence for the ALT pathway. The scope of the analysis included telomeric profiling including terminal array size distribution and total content/genome using both cytogenetic and molecular techniques, determination of telomerase activity, gene expression profiling (qPCR) of genes involved in the telomerase, recombination, and/or ALT pathways, and determination of the status of nuclear APBs (a commonly used marker for ALT) by IF using antibodies created against chicken PML proteins and TRF2.
Telomeric Arrays and Karyotype of OU2
The OU2 cell line was investigated for its telomeric array profile to allow for comparisons with the other cell lines which were studied previously [O'Hare and Delany, 2009] . As per the cytogenetic analysis, the OU2 cell line lacks the size class of mega-telomere arrays found in other chicken genotypes [Delany et al., 2000; O'Hare and Delany, 2009 ], but shows evidence of moderately sized terminal telomeres and also interstitial arrays ( fig. 1 ). Similar to other chicken cell types, OU2 displays a heterogeneous telomeric array profile, i.e. a wide range of terminal telomere lengths among homologous and nonhomologous chromosomes. Also, the OU2 cell line indicated a heterogeneous telomeric array length profile by TRF analysis ( fig. 2 ), similar to DF-1, CEF001, and DT40 (see fig. 2 and O'Hare and Delany [2009] ). DF-1 exhibits the greatest telomeric content by both the percentage analysis (slot blot) as well as molecular array length analysis (Southern blot), while DT40 exhibits the least amount of content but still exhibits a heterogeneous profile. Total telomeric DNA content (as a percentage of the genome) ranged from 0.7 to 12.3%, specifically, 0.7% for DT40, 5% for CEF001 and OU2, 6% for CEF003, and 12.3% for DF-1. The OU2 telomere profile maintains heterogeneous Mapping of the rDNA-encoding chromosomes by FISH provides evidence for derivative chromosomes and aneuploidy. Telomeric profile of OU2 using a telomeric PNA probe for detecting telomeric array sequences (TTAGGG) n ( a ), an ETS (red) probe (ETS identifies the 18S-5.8S-28S rDNA, also known as the nucleolus organizer region, NOR) detected 2 chromosomes ( 1 , h ) both larger than the normal GGA16 ( b ) with the colors merged in image c . Although the ETS-detected chromosomes are similar in size, 1 homolog exhibited both a brighter/more intense ETS signal and a brighter/more intense telomere signal localized to the same end ( b , c , h ), than the other homolog ( b , c , 1 ).
Telomeric profile of OU2 chromosomes at a less-condensed stage ( d ) which provides a generally enhanced signal profile compared to the signal in a . The 5S rDNA probe (red) hybridized to 3 chromosomes indicating a trisomic condition e . Two of the chromosomes were of a size expected for GGA9 ( 1 ) whereas the locus indicated by the third 5S rDNA signal was observed in the middle of a larger chromosome ( ] ) suggesting an additional chromosome rearrangement. The telomere on one of the GGA9 chromosomes was typically brighter than the other one as seen in the mergedprobes image ( f , right 1 ). Both GGA9 and 16 display mega-telomeres in other genotypes [Delany et al., 2007; O'Hare and Delany, 2009] . In general, OU2 contains a reduced number of microchromosomes for the diploid chicken genome, indicates more intermediate-sized chromosomes and as shown by FISH results possesses derivative chromosomes and aneuploidy. Scale bar = 5 m.
telomeric lengths and a percentage of telomeric DNA similar to normal chicken cells, but lacks mega-telomeres by cytogenetic analysis. The OU2 karyotype is abnormal in that it contains a number of derivative chromosomes, which is not unexpected for a chemically immortalized cell line cultured long term in vitro. In addition, the number of microchromosomes is reduced relative to the normal chicken karyotype. But there appears to be more intermediatesized chromosomes, which could be a result of microchromosome fusions. Chromosome-specific probes for GGA9, 16, and W were utilized to gain insight regarding the nature of autosome and sex chromosome alterations within the OU2 karyotype. The karyotypes were described previously for DF-1 (derivative chromosomes and aneuploidies, and exhibiting diploid, haploid and tetraploid lineages; O'Hare and Delany [2009] ) and DT40 (diploid with trisomy for GGA2; Chang and Delany [2004] ), which both differ from the normal chicken karyotype [Ladjali-Mohammedi et al., 1999; Masabanda et al., 2004] .
A 5S rDNA probe was utilized to examine the status of GGA9. This probe hybridized to 2 chromosomes of similar size and architecture, and a third larger chromosome with different architecture indicating a full or partial trisomy for GGA9 ( fig. 1 e) . The larger chromosome exhibited a centrally located signal while the other 2 chromosomes indicated a signal near the terminus and as expected for a normal GGA9.
Chromosome 16 encodes the 18S-5.8S-28S rDNA array and is identified by the ETS probe. In OU2, GGA16 indicated unusual features, in that the ETS probe mapped to a larger chromosome than expected (analysis of normal GGA16 was described in Delany et al. [2009] ), suggesting that the OU2 GGA16 is part of a derivative chromosome or that the 18S-5.8S-28S rDNA region alone is translocated ( fig. 1 b) . The 2 chromosomes identified by the ETS probe differ in size, probe location, and probe intensity (i.e. one of the signals is stronger than the other). In addition, the chromosome with the stronger ETS rDNA signal exhibits a brighter terminal telomeric DNA signal than the other.
Interestingly, the GGAW chromosome probe did not hybridize to any of the OU2 chromosomes, nor a chromosome with the appropriate morphology, size, or DAPIstaining pattern was observed. The lack of a GGAW chromosome could be by happenstance, i.e. that the embryos used to create the original cell culture were male (ZZ) or that the W was lost during in vitro culture. In addition, although GGAZ is easily distinguishable by size (5th largest chromosome) and architecture (metacentric), a distinct Z was not visible in these cells; however, it is possible that the GGAZ of OU2 is part of a derivative chromosome (fused to another chromosome). Previously, it was discovered that DF-1 lacks a morphologically distinct GGAZ and the GGAW was present in 2 copies, 1 with normal appearance and 1 derivative [O'Hare and Delany, 2009] . 
DF-1 and OU2 Cell Growth and Telomerase
Activity Profiles DF-1 and OU2 cells were cultured over a period of several weeks to accommodate assay sampling which allowed a comparison of growth characteristics. In general, the DF-1 cells had a faster growth rate requiring more frequent passaging (faster time to confluency) than the OU2 cells, given the same culture conditions. Population doubling (PD) time (calculated as per Swanberg and Delany [2003] ) was 0.23 PD/day for OU2 versus 0.72 for DF-1 based on representative flasks at passage (P) 5 and P6 for DF-1, and P12 and P13 for OU2. The P and days in culture (DIC) values reported for these cells are experimental (within this study) and do not reflect the overall values of these cell lines (i.e. DF-1 was obtained from ATCC at P149; overall passage number is unknown for OU2).
Telomerase activity was analyzed at multiple passages to establish the stability of the profile over time. DF-1 was analyzed at P3 (DIC 7), P7 (DIC 14), P14 (DIC 28), and P19 (DIC 41). OU2 was analyzed at P3 (DIC 13), P7 (DIC 28), P10 (DIC 41), and P15 (DIC 60). Both DF-1 and OU2 were telomerase negative at all sampling points. Figure 3 shows the telomerase activity assay results.
Expression of Genes in the Telomerase and ALT Pathways
Genes were selected for expression analysis that are telomerase related, telomere binding, and/or required for ALT . Notably, many genes in the ALT pathway are involved in the homologous recombination and DNA repair pathways and in some cases, genes of the telomerase, telomere-binding, and ALT pathways overlap. Table 1 lists gene and primer details. All qPCR amplicons were sequence verified to affirm identity of the expected sequence. Table 2 shows the gene expression results as fold differences and statistical significance among the values. The mortal telomerase-negative cell line CEF001 was used as the calibrator and all gene expression fold differences are expressed relative to CEF001 with the exception of TERT wherein gastrula was the calibrator since the CEF001 cells had no detectable TERT expression. The gastrula was included as a reference point and to evaluate results with regard to previous research [Swanberg et al., 2004; Swanberg and Delany, 2005; O'Hare and Delany, 2005] . As shown in table 2 , TERT was not expressed in the telomerase-negative samples (CEF001, DF-1 and OU2) while TR and DKC1 (dyskeratosis congenita 1, also known as dyskerin) were expressed by all cell types. Interestingly, with regard to the recombination and ALT-associated genes including RAD51 , RAD52 , MRE11 , RAD50 , NBS1 , SMC5 , and SMC6 , all show upregulation of transcripts in DF-1 and OU2. The greatest upregulation was exhibited by RAD51 and NBS1 for both DF-1 and OU2, with DF-1 being 5.2-fold and 11-fold upregulated and OU2 being 28.9-fold and 83.1-fold upregulated, respectively. Both PML genes were expressed in all of the cell lines; both PML-L and PML-S were upregulated in OU2, whereas in DF-1, PML-L was downregulated and PML-S was similar to CEF001. It is interesting that for DT40, which has a high level of telomerase activity ; and this study, see fig. 3 ) and a high rate of homologous recombination [Takata et al., 1998 ], all of the genes in the telomerase, telomere-associated, recombination, and ALT pathways were upregulated, except PML-L and PML-S which were downregulated. MYC is dysregulated in DT40 due to the insertion of the avian leukosis virus (causative for the B-cell lymphoma from which the Fig. 3 . Absence of telomerase activity in the immortalized CEF lines DF-1 and OU2. Telomerase activity was determined using the TRAPeze Telomerase Detection Kit (S7700; Millipore). The immortalized cell lines, DF-1 and OU2, were collected at several passages (P) to detect telomerase activity, and both lines were negative for telomerase activity. Normal, i.e. mortal CEFs (CEF001) known to lack telomerase activity were used as a negative control (-), along with CHAPS bufferonly and heat-treated (H.T.) DT40 cells. DT40 cells which maintain high telomerase activity ] served as a positive control (+). The PCR control band (36 bp) shows that the lack of activity in DF-1 and OU2 was not due to a failed PCR reaction. Samples which are positive for telomerase activity show a band at 50 bp followed by bands at 6-bp increments. DT40 cell line was derived; Baba et al. [1985] ) and, as expected and shown previously [Swanberg and Delany, 2005] , MYC shows elevated expression (32-fold increase) in DT40.
Nuclear Expression of PML and TRF2 Proteins
Both PML proteins were detected in the nuclei of the 4 cell lines by IF utilizing the chicken-specific antibodies (see Materials and Methods for details on antibodies). Table 3 indicates the percentage of cells positive for the PML and TRF2 proteins. DF-1 had the smallest percentage of cells positive for PML proteins (e.g. 48% for PML-L in DF-1 vs. 94% in CEF001). Interestingly, DF-1 is heterozygous for a derivative GGA10 (which encodes the PML genes) and has a high number of haploid cells [O'Hare and Delany, 2009 ], which could be one possible explanation for a lack of expression in some cells. Table 3 also shows the number of PML signals per cell. On average, DF-1 exhibited the lowest number of PML signals (2.6 for both PML proteins) and OU2 had the greatest number of signals (28.7 and 16.1 for PML-L and PML-S, respectively) relative to the other cell systems.
DF-1, OU2, and CEF001 shared a similar number of signals for TRF2 (averages of 29.8-32.8 per cell) and about twice as many TRF2 signals compared to DT40 (16.7 per cell) which aligns with expectations since TRF2 binds to the telomere [Smogorzewska et al., 2000] and DT40 has shorter telomeres with a reduced amount of telomeric DNA. Figure 4 shows a representative example of nuclei assayed by multi-color IF for the PML and TRF2 proteins individually, as well as PML/TRF2 colocalization.
Since colocalization of PML and TRF2 proteins serves as a marker for presence of the ALT pathway [Jiang et al., 2009] , each cell line was analyzed for the degree of colocalization, i.e. the percentage of cells with colocalized signals (APB foci) and the number of APB foci per cell. A cell was counted as positive for APB foci if there was at least 1 PML signal that colocalized with a TRF2 signal. 
The comparative Ct method was used to establish fold-difference expression changes using a calculated average efficiency of 1.85 for a final equation of 1.85 -⌬⌬Ct [O'Hare and Delany, 2005] ; CEF001 was used as the calibrator and is set to 1. Statistical evaluation of the normalized Ct values was conducted using ANOVA and Tukey's pairwise comparison. For each gene, the values with different superscript letters were significantly different (p < 0.05). The cells utilized for the expression analysis were at the following experimental passage and days in culture: CEF001 -P8 (DIC 24), DF-1 -P14 (DIC 28), OU2 -P7 (DIC 28). d = Fold difference, increase; f = fold difference, decrease.
* TERT transcripts were not detectable (-) following 40 qPCR cycles for CEF001, DF-1, and OU2 whereas the gastrula embryo (calibrator) and DT40 had expression. 
PML-L and PML-S Western Blot Analysis
The PML chicken-specific antibodies were utilized for immunoblot analysis (Western blots) to investigate the size of the PML proteins ( fig. 6 ). With regard to PML-L, DT40 exhibited a protein band at 150 kDa, while OU2 and CEF001 indicated protein bands at 150 kDa and 70 kDa. These results suggest the possibility of cell-specific PML-L isoforms. For PML-S, DT40 and OU2 indicated a protein band at 48 kDa. The 150-kDa size for PML-L and the 48-kDa size for PML-S generally fit the predicted sizes of 113 kDa (PML-L) and 59 kDa (PML-S) for the aa sequences as calculated utilizing the Science Gateway molecular-weight calculator (http://www.sciencegateway.org/tools/proteinmw.htm). Interestingly, CEF001 did not exhibit a protein band for PML-S and DF-1 did not exhibit a band for either PML protein even when the concentration of protein was increased by more than 50% (to 160 g from 100 g of protein for the standard assay). The reason for this variability in immunoblot results is not clear; the most likely cause for cell-type-specific variability is a concentration issue especially since the antibodies worked by cellular IF analysis. That is, the PML protein concentration of CEF001 and DF-1 may be below the limits of detection by immunoblotting; noteworthy in this regard is the overall low percentage of PML-positive cells in DF-1 (42-48%) and the low signal number (2.6 signals per cell on average) relative to the other cells. Additionally, DF-1 being heterozygous for a derivative GGA10 and maintaining a large proportion (14%) of haploid cells [O'Hare and Delany, 2009] could account for the detection issues, and this cell line may require larger amounts of total protein for immunoblot detection of the PML proteins. The issue with the CEF001 cells, given the high level of PML-S-positive cells (94%) by IF analysis, is very likely a technical issue related to protein concentration, which was not explored in these experiments. 70% and 63% in OU2, 54% and 49% in CEF001, and 32% and 32% in DT40 for the PML-L/TRF2 and PML-S/TRF2 assays, respectively.
Discussion
Human immortalized cells which lack telomerase maintain telomeres by employing a pathway called ALT. Hallmark characteristics of cells utilizing the ALT pathway include being telomerase negative, possessing unusually heterogeneous telomere lengths among chromosomes (relative to normal cells), presence of APBs, and displaying extrachromosomal telomeric DNA [Cesare and Reddel, 2010] . The APBs are PML bodies that also contain telomeric DNA, telomere-associated proteins (TRF1, TRF2, and RAP1), and DNA repair and recombination proteins (RAD51, RAD52, MRE11, RAD50, and NBS1). The PML protein forms nuclear bodies in most cells [reviewed in Lamond and Earnshaw, 1998; Lallemand-Breitenbach and de Thé, 2010] with 5-30 PML nuclear bodies per nucleus ranging in size from 0.1-1 m [Zhong et al., 2000; Lallemand-Breitenbach and de Thé, 2010] . Many of the protein components within PML nuclear bodies are involved in transcriptional regulation [Zhong et al., 2000] . The PML-containing APBs are a marker of the ALT pathway [Cesare and Reddel, 2008] .
The chicken shares many telomere biology features with human and has the advantage that a number of wellstudied versatile in vitro cell systems with phenotype including mortal, immortalized, and transformed exist Swanberg and Delany, 2006; Swanberg et al., 2010] . Our study explored the hypothesis that ALT operates in immortalized chicken cells. The results provide evidence that immortalized telomerase-negative chicken cells are positive for markers of ALT including the presence of APBs. In addition, the APBs were found in telomerase-positive cells (DT40) and in telomerasenegative mortal cells (CEF001). Clearly, there was a hierarchical order to the extent of the APB marker, with the telomerase-negative immortalized cells having the greatest number of cells positive for APB foci relative to the other cell types.
Numerous studies support the hypothesis that telomere recombination is involved in yeast and human ALT pathways [Lundblad and Blackburn, 1993; Bryan et al., 1995; Teng and Zakian, 1999; Dunham et al., 2000; Reddel, 2008, 2010; Morrish and Greider, 2009] . Recently, Draskovic et al. [2009] showed the involvement of APBs in telomere recombination in ALT human cell lines via anaphase bridges between nonhomologous chromosomes proximal to APBs. Therein, APBs beyond being a marker for ALT appear to be a mechanistic component fostering telomere-telomere recombination.
Knowledge and understanding of the ALT pathway for telomere maintenance continues to emerge. Fasching et al. [2005] reported a lack of APBs in telomerase-negative immortalized cells having heterogeneous telomere lengths which displayed rapid changes suggesting a mechanism similar to other ALT cells. The existence of ALT-like APB-negative cells suggests the possibility that more than one ALT pathway exists. Interestingly, when ALT cells and telomerase-positive cells were fused, telomeric loss was observed along with repression of the ALT pathway [Perrem et al., 1999] , suggesting that telomerase could repress the ALT pathway. However, telomerase activity produced by transfecting TERT and TR into ALT cells led to the creation of a cell system with both ALT and telomerase [Cerone et al., 2001] , affirming the possibility Each of the 4 cell lines was analyzed using the 2 anti-chicken PML antibodies designed for this study (see Materials and Methods). One hundred micrograms of total protein were analyzed for each cell line. For PML-L, DT40 exhibited a protein at 150 kDa, while OU2 and CEF001 exhibited proteins at both 150 kDa and 70 kDa. For PML-S, DT40 and OU2 showed a protein at 48 kDa. Interestingly, no PML-S proteins were detected in CEF001 and neither PML-L nor PML-S proteins were detected in DF-1 even when the concentration of protein was increased from 100 g to 160 g.
that ALT and telomerase pathways could coexist. Additionally, HeLa and HT1080 (telomerase-positive transformed human cell lines) transfected with TR were observed with APB foci in about 3% of the cells , indicating that APBs could be present in telomerase-positive cells without functional ALT. Combined, these results illustrate that there is variability in the ALT pathway and possibly redundant telomere maintenance pathways operating simultaneously. Herein, results of this study suggest that chicken may offer a model having inherent redundancy for telomere maintenance, wherein both ALT and telomerase pathways may be present, a hypothesis for which further study is warranted. Beside the observations of colocalization of PML and protein components which form APB foci [Yeager et al., 1999; Jiang et al., 2009 ], individual components have been disrupted or altered in order to investigate their role in APB formation and/or ALT function. A conditional, truncated NBS1 protein expression system established that MRE11 and RAD50 recruitment to APBs and assembly of APBs require NBS1 [Wu et al., 2003] . Using RNA interference, it was determined that PML, TRF1, TRF2, TIN2, RAP1, MRE11, and RAD50 are required for APB formation . The MRN complex (MRE11, RAD50, NBS1) proteins were examined using shRNAmediated knockdown; loss of each of the proteins was shown to decrease the number of APBs and decrease telomere length , providing evidence that the MRN complex is necessary for the ALT pathway.
The chicken model has several unique features useful for research on the molecular and cellular aspects of ALT. The chicken genome has a high basal rate of recombination [International Chicken Genome Sequencing Consortium (ICGSC), 2004; Groenen et al., 2009; Elferink et al., 2010] , additionally, telomere recombination is a feature of meiosis [Rodrigue et al., 2005] . The chicken genome normally has an extensive heterogeneous telomeric DNA profile [Delany et al., 2000; Rodrigue et al., 2005; O'Hare and Delany, 2009] relative to other well-studied vertebrates. In addition to normally heterogeneous telomeric lengths, it was observed that telomerase-negative mortal (CEF001) and telomerase-positive (DT40) cells exhibit APBs, albeit at lower levels than the telomerasenegative immortalized cells. Thus, the presence of 2 predominant markers of ALT, APBs and telomeric heterogeneity in a variety of chicken cell types, suggests that both pathways may be operational in chicken cells. The DT40 cell system could be particularly valuable for future research of the interplay between ALT and telomerase pathways given its high rate of homologous recombination [Takata et al., 1998 ], versatility in knock-out/knock-in experiments [Buerstedde and Takeda, 1991; Barr et al., 2009] , high telomerase activity ] and that it was herein shown to exhibit APB foci.
Conclusion
The analysis of ALT in chicken in vitro cell systems indicates that ALT is present within immortalized cells as per the key markers: absence of telomerase activity, heterogeneous telomeric DNA profiles, and presence of APB foci. Gene expression profiles show that many of the genes involved in the ALT and recombination pathways are upregulated in immortalized chicken cells, some in a striking amount (e.g. RAD51, NBS1) relative to levels of nonimmortalized cells. In addition, these results suggest that the telomerase and telomere-recombination (ALT) pathways may coexist in chicken cells; however, depending on the cell type, one or the other mechanism may dominate.
